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Abstract:	  
	  Heavily-­‐doped	  semiconductor	  nanocrystals	  characterized	  by	  a	   tunable	  plasmonic	  band	  have	  been	   gaining	   increasing	   attention	   recently.	   Herein,	   we	   introduce	   this	   type	   of	   materials	  focusing	   on	   their	   structural	   and	   photo-­‐physical	   properties.	   Beside	   their	   continuous-­‐wave	  plasmonic	   response,	   depicted	   both	   theoretically	   and	   experimentally,	  we	   also	   review	   recent	  results	   on	   their	   transient	   ultrafast	   response.	   This	  was	   successfully	   interpreted	   by	   adapting	  models	  of	  the	  ultrafast	  response	  of	  noble	  metal	  nanoparticles.	  	  
1.	  Introduction	  
	  The	  optical	  features	  exhibited	  by	  metallic	  nano-­‐systems	  have	  been	  the	  subject	  of	  an	  intensive	  theoretical	  and	  experimental	  research,	  resulting	  in	  applications	  in	  several	  fields,	  from	  surface-­‐enhanced	  spectroscopy,	  to	  biological	  and	  chemical	  nano-­‐sensing	  [1].	  Such	  developments	  are	  primarily	   due	   to	   the	   localized	   surface	   plasmon	   resonance	   (LSPR),	   which	   results	   in	   intense	  optical	   absorption	   and	   scattering	   as	   well	   as	   sub-­‐wavelength	   localization	   of	   large	   electrical	  fields	   in	   the	   vicinity	   of	   the	   nano-­‐object	   [2-­‐10].	   The	   plasmonic	   response	   of	   these	   metallic	  nanostructures	   is	   strongly	   dependent	   on	   the	   type	   of	  metal	   of	  which	   they	   are	  made,	   on	   the	  dielectric	   function	  of	   the	  surrounding	  medium,	  on	  the	  particle	  shape	  and,	  even	  if	   to	  a	   lesser	  extent,	   on	   the	   particle	   size.	   Nanoparticles	   of	   several	   metals,	   such	   as	   Ag,	   Au,	   Cu	   and	   Pt,	  exhibiting	   plasmonic	   response	   in	   the	   ultraviolet	   and	   in	   the	   visible	   regions	   of	   the	   spectrum	  have	   been	   successfully	   synthesized	   in	   the	   past	   decades	   [11-­‐15].	   Elongated	   metallic	  nanoparticles	   have	   been	   shown	   to	   exhibit	   plasmonic	   response	   in	   the	   near	   infrared,	   due	   to	  excitation	  of	  the	  longitudinal	  plasmon	  mode	  [16-­‐18].	  It	  has	  been	  recently	  reported	  that	  direct	  optical	   excitation	   of	   the	   metal	   by	   intense	   femtosecond	   laser	   pulses	   induces	   an	   ultra-­‐fast	  modulation	  of	  the	  plasmonic	  resonance,	  which	  can	  be	  used	  for	  ultra-­‐fast	  modulation	  of	  signals	  [19],	   paving	   the	   way	   to	   ultrafast	   active	   plasmonics.	   A	   quantitative	   investigation	   of	   such	  dynamical	  features	  is	  therefore	  crucial	  for	  the	  development	  of	  a	  new	  generation	  of	  ultra-­‐fast	  nano-­‐devices.	   Pump-­‐probe	   spectroscopy,	   giving	   access	   to	   the	   electronic	   excitation	   and	  subsequent	   relaxation	   processes	   in	   the	   material,	   is	   to	   date	   the	   most	   suitable	   tool	   for	   the	  experimental	   study	   of	   the	   ultrafast	   dynamical	   features	   exhibited	   by	   plasmonic	  nanostructures.	   So	   far,	   several	   noble	   metal	   structures	   have	   been	   investigated,	   including	  spherical	  nanoparticles	   [20-­‐22]	   and	  nanorods	   [23],	   revealing	   that	   the	  physical	   processes	  of	  excitation	   and	   relaxation	   are	   actually	   similar	   to	   those	   observed	   in	   bulk	   (i.e.	   in	   thin	   films)	  metallic	  systems,	  that	  are	  the	  electron-­‐electron,	  the	  electron-­‐phonon	  and	  the	  phonon-­‐phonon	  interactions	  [24,25].	  	  
In	  addition	  to	  “traditional”	  metal	  plasmonic	  materials,	  a	  consistent	  effort	  has	  been	  made	  in	  the	  last	  years	  in	  the	  synthesis	  of	  heavily-­‐doped	  semiconductor	  materials	  so	  as	  to	  achieve	  metallic	  behaviour	   and	   plasmonic	   response	   in	   desired	   wavelength	   ranges	   which	   are	   not	   easily	  accessed	  by	  metal	  nanoparticles.	   In	   this	   respect,	   copper	  chalcogenides,	   such	  as	   sulfides	  and	  selenides	   are	   an	   interesting	   class	   of	   materials,	   since	   a	   wide	   copper/chalcogenide	  stoichiometric	   ratio	   is	   accessible	   in	   the	   synthesis.	  When	   this	   ratio	   is	   just	   below	   2:1,	   these	  materials	  express	  a	   large	  number	  of	  copper	  vacancies,	  which	  give	  rise	   to	  a	   large	  number	  of	  holes	   in	   the	   valence	   band,	   hence	   into	   a	   “self-­‐doping”.	   This	   self-­‐doping	   produces	   a	   quasi-­‐metallic	   behavior	   of	   the	   material.	   Indeed,	   Gorbachev	   and	   Putilin	   [26]	   reported	   a	   plasmon	  band	   in	   the	   reflectivity	   of	   p-­‐type	   copper	   selenide	   and	   copper	   telluride	   thin	   films	   in	   the	  infrared	   (IR)	   spectral	   region.	   They	   also	   found	   a	   strong	   temperature	   dependence	   of	   the	  spectral	  position	  of	   this	  band.	  This	  behaviour	  was	  attributed	   to	  a	   strong	  dependence	  of	   the	  hole	  effective	  mass	  on	  temperature.	  	  Recently,	   first	   reports	   on	   copper	   chalcogenide	   nanoparticles	   also	   reported	   about	   an	   IR	  absorption	  band	  from	  oxidized	  Cu2Se	  nanoparticles.	  However,	  the	  particles	  were	  embedded	  in	  a	  glass	  matrix,	  and	  such	  band	  was	  ascribed	  to	  transitions	  of	  electrons	  trapped	  in	  deep	  states	  in	  the	  matrix	  [27,28].	  Colloidal	  nanocrystals	  of	  copper	  chalcogenides,	  mainly	  Cu2S	  and	  Cu2Se,	  have	  been	  successfully	  synthesized	  [29-­‐36].	  As	  in	  the	  bulk,	  also	  in	  these	  nanocrystals	  Cu	  can	  exist	   in	   stoichiometric	   ratios	   considerably	   lower	   than	   2:1	   with	   respect	   to	   S	   or	   Se,	   i.e.	   the	  material	  may	  be	  strongly	  “self-­‐doped”.	  In	  2009,	  Zhao	  et	  al.	  [29]	  prepared	  Cu2-­‐xS	  nanocrystals	  with	  different	  values	  of	  x	  and	  clearly	  demonstrated	  how	  the	  variation	  from	  the	  stoichiometric	  ratio	  had	  a	  strong	  influence	  on	  the	  plasmonic	  response.	  In	  2011,	  Luther	  et	  al.	  [34]	  and	  Dorfs	  et	  al.	  [36]	  reported	  detailed	  studies	  on	  the	  plasmonic	  properties	  of	  Cu2-­‐xS	  [34]	  and	  Cu2-­‐xSe	  [36]	  nanoparticles.	   They	   investigated	   the	   strong	   influence	   of	   self-­‐doping	   on	   the	   plasmonic	  response	  of	   the	  nanoparticles,	  and	   in	  particular,	  on	   their	   tunability.	  Recently,	   the	  plasmonic	  response	   in	   heavily	   doped	   metal	   and	   transition	   metal	   oxides	   nanocrystals	   has	   also	   been	  described	  [37,38].	  	  	  While	   ultrafast	   plasmonics	   has	   been	   studied	   extensively	   in	   noble	   metal	   nanoparticles,	   not	  much	   is	   known	   instead	   about	   the	   recently	   developed	   heavily-­‐doped	   semiconductor	  nanocrystals	   that	   likewise	   exhibit	   localized	   surface	   plasmon	   resonance.	   In	   this	   Colloquium	  paper,	   we	   first	   review	   the	   pioneering	   studies	   of	   plasmon	   resonance	   in	   heavily	   doped	  semiconductor	  thin	  films.	  Then,	  we	  report	  on	  the	  chemical	  synthesis	  and	  structural	  properties	  of	   heavily	   doped	   semiconductor	   nanocrystals.	   Their	   plasmonic	   response	   under	   continuous-­‐wave	  optical	  excitation	  is	  illustrated	  both	  theoretically	  and	  experimentally.	  Finally,	  we	  review	  the	   most	   recent	   results	   on	   the	   transient	   (i.e.	   nonlinear)	   plasmonic	   features	   exhibited	   by	  chalcogenide	  nanocrystals	   under	   excitation	  with	  ultra-­‐fast	   optical	   pulses,	   including	   a	   “gold-­‐like”	   theoretical	  model.	   This	  model	   turned	   out	   to	   provide	   sufficient	   insights	   into	   such	   first	  experiments	  on	  heavily-­‐doped	  plasmonic	  nanoparticles.	  	  	  
2.	  Bulk	  Chalcogenide	  Semiconductors	  	  It	   is	   worth	   noting	   that	   the	   metallic	   behaviour	   of	   heavily-­‐doped	   semiconductors	   has	   been	  reported	  and	  extensively	  studied	  almost	   forty	  years	  ago	   in	  bulk	  materials	  and	   films.	  Among	  the	   different	   self-­‐doping	   compounds,	   it	   is	   very	   useful	   for	   our	   argumentation	   the	   study	   of	  Copper	  chalcogenides,	  i.e.	  sulphide,	  selenide	  and	  telluride.	  In	  1967,	  Abdullaev	  et	  al.	  described	  the	  preparation	  of	  Cu2Se	  single	  crystals	  [39].	  They	  reported	  the	  degeneration	  of	  the	  hole	  gas	  in	   these	   crystals	   that	   seemed	   to	   be	   due	   to	   structural	   imperfections	   of	   Cu2-­‐xSe	   introduced	  
during	   the	   chemical	   synthesis,	   as	   confirmed	  by	  X-­‐ray	  analysis.	  This	   study	   is	  one	  of	   the	   first	  evidences	   that	  Cu2-­‐xSe	  behaves	  as	   a	  p-­‐type	  degenerate	   semiconductor	  with	  a	  partially	   filled	  valence	  band.	  
	  
Figure	   1.	   Temperature	   dependence	   of	   the	   reflection	   spectrum	   of	   copper	   selenide	   (carrier	  concentration	  NC=	  2.04	  ×	  1021	  cm-­‐3)	  in	  the	  region	  of	  the	  plasma	  minimum.	  (1)	  100	  K;	  (2)	  300	  K;	  (3)	  370	  K;	  (4)	  450	  K.	  Reprinted	  with	  permission	  from	  ref.	  [26].	  	  The	   plasma	   resonance	   of	   Cu2-­‐xSe	   and	   Cu2-­‐xTe	   have	   been	   reported	   in	   a	   pioneering	  work	   by	  Gorbachev	   and	   Putilin	   in	   1972	   [26],	   a	   paper	   devoted	   to	   the	   determination	   of	   the	   physical	  parameters	   of	   the	   band	   structure	   in	   these	   materials.	   Figure	   1	   shows	   the	   temperature	  dependence	   of	   the	   reflectance	   in	   the	   region	   of	   the	   plasma	  minimum	   for	   a	   copper	   selenide	  sample	  with	  carrier	  concentration	  NC=	  2.04	  ×	  1021	  cm-­‐3.	  With	  temperature	  rising	  from	  100	  K	  to	  450	  K,	   the	  position	  of	   the	  plasma	  minimum	  shifts	   to	   the	   longer	  wavelength	  region	  of	   the	  spectrum.	  A	  similar	  behaviour	  in	  terms	  of	  temperature	  dependence	  of	  the	  plasma	  minimum	  in	  the	  reflection	  spectrum	  was	  observed	  for	  copper	  telluride	  [26].	  Since	  the	  plasma	  frequency	  ωP	  is	  related	  to	  the	  free	  carriers	  effective	  mass	  ms*	  by	  the	  equation	  	  	   ,	  	   	   	   	   	   	   	   	   (1)	  	  the	   observed	   temperature	   dependence	   was	   ascribed	   to	   a	   temperature	   dependence	   of	   the	  carrier	  effective	  mass,	  according	  to	  the	  following	  phenomenological	  formula:	  	  	  	   ,	   	   	   	   	   	   	   (2)	  	  In	  above	  equations,	  T	  is	  the	  absolute	  temperature	  of	  the	  lattice,	  e	  is	  the	  electron	  charge,	  me	  is	  the	   free	  electron	  mass,	  ε0	   is	   the	  dielectric	   constant	   in	   the	  vacuum,	  and	  a,	  b	  and	  c	   are	   fitting	  parameters	   (see	  Fig.	  2).	  The	  origin	  of	   such	   temperature	  dependence	  has	  been	  attributed	   to	  either	  polymorphic	   transformations	   at	  high	   temperatures	   inherent	   in	   these	  materials,	   or	   to	  the	  complex	  structure	  of	  the	  valence	  bands	  [26,40].	  Due	  to	  the	  contribution	  of	  the	  d-­‐states	  of	  Copper	  to	  the	  valence-­‐band	  states,	  and	  to	  the	  intrinsic	  positional	  disorder	  in	  the	  crystal,	  the	  
556 V. V. GORBACHEV and I. M. PUTILIN 
I - 60 
10 
20 
- 
0 20 2.0 3.0 4.0 10 6.0 20 8.0 - 
60 
t 
26 
Fig. 2. The temperaturedependence of thereflection 
spectrum of copper selenide ( P  = 2.04 x loz1 0311-7 
in the region of the plasma minimum. (1) 100 OK, 
(2) 300 OK, (3) 370 OK, (4) 450 OK I 
Fig. 1. The experimental (A Pl, 
0 Pa, o P4) and calculated (golid 
line) values of the reflection factor 
of copper selenide. 
(1) PI = 2.04 x loz1 
(2) P3 = 1.04 x loz1 
(3) P4 = 0.51 x loz1 
I I 
10 20 
1 fpml- 
7 
h a <  E ,  (Fermi energy) for a degenerate semiconductor, are connected by the 
relations 
and 
4 n e 2  P (z) 2 n k = E,, - -__ - 
cu nf 1 + o 2 ( t > 2  ’ (3) 
where e is the electron charge, P the carrier concentration, z the carrier relaxa- 
tion time, mQ the effective carrier mass, and E~ the high-frequency dielectric 
constant of the lattice. Solving (2) and (3) in n and k yields an expression for 
R(5) which explicitly involves the parameters dependent on the relation be- 
tween the incident radiation frequency LC) and the plasma frequency q,: 
calculation	  of	  the	  band-­‐structure	  in	  these	  materials	  is	  complex,	  and	  it	  has	  been	  possible	  only	  recently	   to	   obtain	   a	   preliminary	   understanding.	   In	   particular,	   stoichiometric	   Cu2S	   in	   both	  cubic	   and	   hexagonal	   phases	   shows	   a	   small	   but	   negative	   band-­‐gap	   (in	   the	   sense	   that	   the	  conduction	   band	   crosses	   the	   valence	   band)	   even	   at	   the	   GW	   level	   [41].	   However,	   it	   is	   well	  established	   that	  disorder	   in	   the	  positions	  of	   the	  Cu	  atoms	  occurs	   in	   the	   real	   crystals.	  When	  this	   disorder	   is	   introduced	   also	   in	   the	   calculations,	  which	   thus	   require	   large	   computational	  resources	  not	  accessible	  until	  recently,	  a	  small	  gap	  is	  produced.	  Self-­‐doping	  further	  enlarges	  the	  gap,	  both	  through	  a	  Burstein-­‐Moss	  type	  of	  shift,	  but	  also	  through	  a	  further	  enhancement	  of	  the	  band	  separation	  related	  to	  a	  narrowing	  of	  the	  valence	  band	  (thus	  presumably	  also	  leading	  to	  a	  slight	  increase	  of	  the	  hole	  effective	  mass).	  	  	  
	  	  
Figure	  2.	  Temperature	  dependence	  of	  the	  effective	  carrier	  mass	  in	  copper	  selenide	  (white	  circles)	  and	  telluride	   (black	   circles)	   as	   provided	   by	   Eq,	   (2)	   by	   fitting	   a,	   b	   and	   c	   parameters	   onto	   reflectance	  experimental	  data.	  Reprinted	  with	  permission	  from	  ref.	  [26].	  	  While	   calculations	   at	   this	   required	   level	  of	   complexity	  have	  not	  been	  extended	   to	   selenides	  and	  tellurides,	  we	  expect	  that	  most	  of	  the	  very	  basic	  conclusions	  still	  hold.	  In	  particular,	  the	  gap	  is	  expected	  to	  be	  even	  smaller,	  so	  that	  its	  opening	  presumably	  is	  also	  related	  to	  the	  partial	  disorder	  in	  the	  location	  of	  the	  copper	  ions	  in	  these	  compounds.	  The	  relation	  of	   the	  optical	  gap	  with	   the	  band	  structure	   is	   still	   controversial,	  given	   that	  only	  recently	   more	   reliable	   calculations	   of	   the	   band-­‐structure	   in	   some	   of	   these	   copper	  chalcogenides	   could	   be	   carried	   out.	   Typically,	   it	   is	   assumed	   that	   these	   materials	   show	   an	  indirect	   band-­‐gap,	   mainly	   based	   on	   the	   square-­‐root	   energy	   dependence	   of	   the	   absorption	  coefficient,	  as	  found	  by	  Al	  Mamum	  et	  al.	  [42,43]	  for	  Cu2-­‐xSe	  and	  [44]	  for	  Cu2S.	   	  However,	  the	  magnitude	   of	   this	   coefficient	   is	   very	   large,	   and	   comparable	   to	   that	   of	   direct-­‐gap	  semiconductors.	  Indeed,	  a	  direct	  optical	  gap	  was	  found	  in	  the	  calculations	  for	  Cu2S,	  although	  the	   complex	  energy	  dependence	  of	   the	  optical	   absorption	   could	  not	  be	   calculated,	   certainly	  due	  to	  the	  large	  size	  of	  the	  computation	  related	  to	  the	  disordered	  structure.	  	  	  	  A	  general	  overview	  of	  the	  complex	  phase	  diagram	  of	  Cu2-­‐xSe	  is	  reported	  by	  Korzhuev	  in	  1998	  [45],	  and	  is	  shown	  in	  Figure	  3	  (a).	  In	  particular	  it	  is	  clear	  that	  around	  room	  temperature,	  and	  in	   a	  wide	   range	   of	   stoichiometries,	   there	   are	   several	   different	   stable	   phases.	   This	   complex	  behaviour	  is	  even	  more	  evident	  in	  Cu2-­‐xS	  as	  depicted	  in	  a	  detailed	  phase	  diagram	  around	  room	  temperature	   and	   small	   x	   shown	   in	   Figure	   3	   (b)	   from	   Ref.	   [46].	   The	   different	   phases	   are	  expected	   to	  exhibit	   also	  different	  behaviour	  of	   the	  plasma	   response,	   thus	  making	  difficult	   a	  quantitative	  understanding	  and	  application	  of	  the	  physical	  phenomena.	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rnzlrn, in copper selenide decreases with increasing carrier concentration. This 
fact enables one to  assume that the concentration dependence of m$lrn, in cop- 
per selenide seems to  be associated with the nonparabolic character of the va- 
lence band. 
In  calculating the temperature dependence of the carrier mass in copper se- 
lenide and telluride account has been taken of the temperature dependence of 
which is connected with variations in the width of the energy gap [6, 71. 
Fig. 5 shows the temperature dependence of the carrier effective mass for 
copper selenide and telluride samples. With increasing temperature the values 
of rnF/m, both in copper telluri e and selenide increas . I n  the low-tem rature 
range, in copper selenide the rate of increase of rnf/rnc as a function of tJempera- 
ture is higher than in copper telluride. From Fig. 5 it can also be seen that 
a strong dependence of the effective mass in copper selenide occurs a t  a tempera- 
ture of 320 "K, and in copper telluride a t  a temperature of above 360 "K. 
In  paper [6] it has been found that BEJBT in copper telluride has a negative 
sign and is equal to  -3 x 10-4 eV1deg. There are no data on the temperature 
dependence of the width of the energy gap in copper selenide, but by analogy 
with copper telluride it may be assumed that  the temperature coefficient of the 
energy gap width in copper selenide is equal in order of magnitude anti in sign to 
aE,,Bl' in copper telluride. 
It is known that the te perature coefficient of variations in mTlrn, must be 
determined by the temperature coefficient f the energy gap width [8, 91. 
However, our calculations of variations in the effective hole masses have 
shown that both in copper selenide and copper telluride they are not determined 
by  the sign of the temperature coefficient of the energy gap width. The tempera- 
ture dependence of the effective carrier masses in copper selenides and tellurides 
can be qualitatively accounted for either by polymorphic transformations a t  
high temperatures inherent in these materials, or by the complex structure of 
the valence bands, the existence of which was reported in [3]. 
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Figure	  3.	  (a)	  Phase	  diagram	  of	  bulk	  Cu-­‐Se	  system	  in	  the	  Cu2-­‐xSe	  compositional	  region	  characterized	  by	  -­‐0.1<x<0.4,	  according	  to	  [45].	  α	  and	  β	  are	  the	  α	  and	  β	  chalcocite	  phases.	  (b)	  Detailed	  phase	  diagram	  of	  Cu2-­‐xS	  in	  the	  region	  -­‐0.05<x<0.1	  as	  reported	  in	  [46].	  Here	  Dj	  is	  djurelite,	  and	  Dg	  is	  digenite.	  	  Reprinted	  with	  permission	  from	  refs	  [45,46].	  	  Neutron	  diffraction	  measurements	  performed	  on	  Cu1.75Se	   and	  Cu1.98	   Se	   samples	   for	  both	  α-­‐	  and	  β-­‐phases	  by	  Danilkin	  et	  al.	  [47-­‐49]	  show	  the	  dependence	  on	  the	  phase	  of	  the	  kinetics	  in	  the	  copper	  diffusion	  in	  the	  disordered	  crystal.	  All	  these	  pioneering	  studies	  evidenced	  a	  complex	  scenario	  in	  terms	  of	  crystalline	  phases	  and	  subsequently	   optical	   and	   plasmonic	   response.	   In	   particular,	   the	   strong	   dependence	   of	   the	  plasma	   frequency	   on	   temperature	   is	   likely	   to	   pose	   severe	   limitations	   to	   the	   application	   of	  these	  materials	  as	  thin	  films.	  Instead,	  wet	  synthesis	  of	  nanoparticles	  has	  shown	  the	  possibility	  to	   realize	   them	   in	   the	   relatively	  more	   controlled	   crystalline	   phases,	   frequently	   also	   over	   a	  wide	   range	   of	   stoichiometries.	   This	   is	   promising	   for	   a	   robust	   engineering	   of	   plasmonic	  properties,	  and	  successful	  application	  of	  these	  materials.	  
	  
3.	  Chemical	  synthesis	  and	  structural	  properties	  of	  heavily-­‐doped	  nanocrystals	  	  In	  2003	  Zhao	  et	  al.	   [29]	   reported	  one	  of	   the	   first	  wet	   syntheses	  of	  Cu1.8S	  nanoparticles	  and	  additionally	   investigated	   on	   the	   synthesis	   of	   Cu2-­‐xS	   nanoparticles	   at	   different	   x	   using	   three	  different	   chemical	   methods:	   sono-­‐electrochemical,	   hydrothermal	   and	   solvent-­‐less	  thermolysis.	   They	   observed	   that	   using	   the	   three	   different	   approaches,	   they	   could	   obtain	  nanocrystals	  with	  the	  same	  value	  of	  x	  and	  the	  similar	  crystalline	  phase.	  	  It	  has	  been	  demonstrated	  the	  possibility	  to	  control	  the	  size	  in	  the	  synthesis	  of	  colloidal	  copper	  sulphide	   nanocrystals	   ranging	   between	  2	   and	  6	   nm	   in	   diameter	   [18,19,24].	   In	   Figure	   4	   the	  transmission	   electron	   microscope	   images	   of	   these	   nanocrystals	   are	   shown	   aside	   with	   the	  electron	   diffraction	   patterns	   (see	   the	   insets)	   and	   size	   distribution	   statistics	   (see	   bottom	  panels).	  It	  is	  worth	  noting	  that	  these	  structures	  can	  also	  be	  assembled	  into	  large	  super-­‐lattices,	  which	  could	  be	  convenient	   in	  devices.	  Despite	  a	  red	  shift	  of	   the	  plasmon	  resonance	   is	  observed,	   in	  parallel	  with	   the	   red-­‐shift	   of	   the	   optical	   absorption	   at	   the	   band-­‐edge,	   the	   plasma	   response	  remains	  well	  defined	  and	  may	  be	  expected	  to	  have	  interesting	  applications	  [50].	  
	  	  
	  
Figure	  4.	  Transmission	  electron	  micrographs	  and	  (insets)	  electron	  diffraction	  patterns	  (top),	  and	  size	  distribution	  histograms	  (bottom)	  of	  three	  QD	  samples	  of	  colloidal	  copper	  sulphide	  with	  average	  size	  of	  (a)	   2.4±0.5  nm	   (b)	  3.6±0.5  nm,	   and	  (c)	   5.8±0.8  nm.	   Scale	   bar	   represents	   50  nm	   in	   all	   images.	  Reprinted	  with	  permission	  from	  ref.	  [25].	  	  
	  	  
Figure	   5.	   (a)	  TEM	   image	  of	   size-­‐selected	  Cu2-­‐xSe	  nanocrystals,	  having	  an	  average	  size	  of	  16	  nm	  (the	  size	   estimated	   by	   XRD	   was	   18	   nm).	   The	   inset	   shows	   a	   sketch	   of	   the	   hexagonal	   projection	   of	   a	  cuboctahedron	  shape.	  Reprinted	  with	  permission	  from	  ref.	  [51].	  	  Colloidal	  copper	  selenide	  nanocrystal	  synthesis	  has	  been	  described	  in	  many	  reports,	  including	  work	  from	  Deka	  et	  al.	  [51],	  Dorfs	  et	  al.	  [36]	  and	  Kriegel	  et	  al.	  [52].	  In	  Figure	  5	  TEM	  images	  of	  the	  synthesised	  copper	  selenide	  nanocrystals	  are	  reported.	  	  In	   literature	   there	   are	   also	   reports	   on	   the	   synthesis	   of	   heavily-­‐doped	   metal	   oxide	  nanocrystals,	   such	   as	   indium	   tin	   oxide,	   aluminium	   zinc	   oxide	   and	   tungsten	   oxide.	   In	   2008,	  Gilstrap	  et	  al.	  [53]	  obtained	  non-­‐agglomerated	  indium	  tin	  oxide	  nanocrystals	  with	  an	  average	  diameter	  of	  5	  nm	  (Figure	  6),	  while	  Choi	  et	  al.	  [54]	  synthesised	  monodisperse	  indium	  tin	  oxide	  nanoparticles	   with	   a	   size	   ranging	   from	   3	   and	   9	   nm.	   In	   2011,	   Garcia	   et	   al.	   obtained	   ITO	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The fabrication of low-cost, efficient solar cells made of green
materials is a main goal of energy-related research.1 Several copper-
based materials, such as Cu2S, CuInS2, CuInSe2, CuInxGa1-xSe2,
and Cu2ZnSnS4, have been explored to date in photovoltaics, mainly
as thin films,2 but recently, colloidal nanocrystals of these materials
have also been developed and used to make solar cells.3 Today
“all-nanocrystal” or organic-inorganic nanocomposite films can
be prepared over large areas using various deposition techniques.
Also, copper selenide, a superionic conductor, has been studied in
thin-film applications in photovoltaics, optical filters, and dry
galvanic cells (as a solid electrolyte).1e,2c It can form in many
stoichiometries (Cu2Se, Cu2-xSe, CuSe, Cu2Se3) and phases. Cop-
per(I) selenide (Cu2Se, Cu2-xSe) crystallizes generally in the face-
centered cubic berzelianite phase.4 Cu2-xSe has both a direct band
gap of 2.2 eV and an indirect band gap of 1.4 eV (at the limit for
solar cell applications) and shows p-type conductivity. Nanocrystals
of Cu2-xSe have been prepared via various routes, including
colloidal synthesis methods in hot surfactants.4 In contrast, CuSe
has a hexagonal phase at room temperature, and it is often found
as impurity in copper(I) selenide.5
We report the synthesis of colloidal Cu2-xSe nanocrystals using
noncoordinating 1-octadecene (ODE) as solvent and oleylamine as
both the reductant for Se (converting it to Se2-) and the ligand for
the nanocrystals, thus avoiding the use of toxic, pyrophoric, and
expensive alkylphosphines. Anhydrous CuCl (0.099 g, 1 mmol),
which is known to be stable source of Cu(I),6 was added to a
mixture of 5 mL of oleylamine and 5 mL of ODE in flask. After
the system was pumped to vacuum for 1 h at 80 °C using a Schlenk
line, the mixture was put under nitrogen flow. Next, the temperature
was increased to 300-310 °C, and a suspension of Se (0.039 g,
0.5 mmol) in 1 mL of ODE was quickly injected using a syringe.
The temperature was allowed to rise to the preinjection value. The
total reaction time after injection was 15 min, after which the flask
was cooled rapidly to room temperature and 5 mL of toluene was
added to it. The mixture was transferred to a glovebox and cleaned
2-3 times by precipitation with ethanol. The nanocrystals were
then redispersed in toluene or trichloroethylene. The sample also
contained a small amount of hexagonal platelets, often larger than
100 nm, made of hexagonal CuSe,7 which could be precipitated
by centrifugation (see Figure 3a,b). The much smaller particles left
in solution (Figure 1) had mainly cuboctahedral shapes, and most
of them had a cubic structure. Distinctive sets of lattice fringes
were identified using high-resolution transmission electron micros-
copy (HRTEM), including ones corresponding to the (111) and
(220) reticular planes of Cu2-xSe (d111Cu2-xSe ) 3.36 Å and d220Cu2-xSe )
2.06 Å), but some particles had hexagonal structure (hcp CuSe).7
The average composition, determined by energy-dispersive X-ray
spect oscopy (EDS), ranged from Cu1.70Se to Cu1.90Se, dep nding
on the synthesis.7 Since ∼5% of the nanocrystals were hexagonal
CuSe, the composition of the cubic Cu2-xSe nanocrystals ranged
from Cu1.68Se to Cu1.80Se.
Elemental mapping via energy-filtered TEM (using the three-
windows method)8 confirmed that both Cu and Se were uniformly
distributed among the nanocrystals, which means that there was
no appreciable compositional variation among them (Figure 1d-f)
except for the occasional presence of the CuSe nanocrystals. Control
syntheses with no oleylamine yielded CuCl and elemental Se, while
the absence of ODE led to the formation of polydisperse nano-
crystals with mixed phases. The powder X-ray diffraction (XRD)
patterns of the as-synthesized Cu2-xSe nanocrystals could be fitted
according to one form of the berzelianite Cu2Se phase (Figure 2).
Indeed, the (111)/(220) peak intensity ratio was higher than expected
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Figure 1. (a) TEM image of size-selected Cu2-xSe nanocrystals grown
for 15 min at 300 °C, having an average size of 16 nm (the size estimated
by XRD was 18 nm). The inset shows a sketch of the hexagonal projection
of a cuboctahedron shape. (b) HRTEM image of Cu2-xSe nanocrystals. Most
of the displayed nanocrystals are seen under their [111] zone axis. The
inset shows their two-dimensional fast Fourier transform. (c) Scanning
electron microscopy image of Cu2-xSe nanocrystals drop-casted from
solution onto a glass substrate. (d) Elastic-filtered (ZL) image of several
nanocrystals. (e, f) Cu and Se elemental maps from the same group obtained
by filtering the Cu L edge (at 931 eV) and the Se L edge (at 1436 eV). (g)
Elemental quantification of a group of nanocrystals by EDS.
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nanoparticles	  with	  size	  ranging	  from	  4	  to	  12	  nm,	  that	  were	  also	  processed	  to	  make	  electrically	  conductive	  thin	  films	  [37].	  Synthesis	  and	  optical	  properties	  of	  AZO	  NCs	  have	  been	  reported	  by	  various	  groups	  [55-­‐61].	  In	  particular,	  Buonsanti	  et	  al.	  proposed	  a	  synthesis	  route	  to	  high	  quality	  AZO	  NCs,	  with	  sizes	  that	  can	  be	  varied	  between	  5	  and	  20	  nm,	  which	  allow	  to	  tune	   independently	  the	  crystal	  average	  size	  and	  the	  doping	  level	  [60].	  Concerning	  tungsten	  oxide,	  there	  are	  many	  known	  stoichiometrically	  stable	  oxygen	  deficient	  bulk	  phases	  [62],	  also	  changing	  as	  a	  function	  of	  temperature.	  In	  Ref.	  [62],	  a	  transition	  to	  metal	  conductivity	  is	  also	  shown	  to	  occur	  for	  x	  >	  0.1	  in	  WO3-­‐x.	  This	  transition	  to	  a	  metallic	  behaviour	  also	  results	  into	  a	  plasmonic	  optical	  response	  in	  the	  reflectivity	  of	  thin	  films	  [63].	  Only	  few	  of	  these	  phases	  have	  been	  investigated	  at	  the	  nanoscale.	  Moreover,	  the	  synthesis	  of	  nanoneedles,	  nanowires	  and	  nanorods	  have	  been	  demonstrated	  [38,64,65].	  	  	  
	  
Figure	  6.	  TEM	  picture	  of	  a	  dispersion	  of	   indium	  tin	  oxide	  nanoparticles.	  Upper	  left	   inset:	  STEM	  high	  resolution	   image	   of	   a	   single	   particle.	   Lower	   left	   inset:	   size	   distribution	   sampling	   300	   nanoparticles.	  Reprinted	  with	  permission	  from	  ref.	  [53].	  	  
4.	  Localized	  plasmonic	  resonance	  in	  nanocrystals	  	  Localized	   plasmon	   resonances	   in	   noble	   metal	   nanoparticles	   with	   radius	   R<<λ	   can	   be	  theoretically	  described	  by	  quasi-­‐static	  approximation	  of	  Mie	  scattering	  theory,	  providing	  for	  the	  absorption	  cross-­‐section	  σΑ the	  following	  expression	  (see	  e.g.	  [66]	  and	  references	  therein):	  	  	  
	   	   	   	   	   	   	   (3)	  	  where	  ε(ω)	  is	  the	  metal	  dielectric	  function	  at	  the	  optical	  frequency	  ω  and	  εm	  is	  the	  dielectric	  constant	   of	   the	   surrounding	   medium	   (assumed	   to	   be	   a	   linear	   homogenous	   isotropic	  dielectric).	  The	  optical	  extinction	  of	  ultra-­‐small	  particles	  is	  dominated	  by	  absorption,	  but	  for	  not	   too	   small	   particles	   a	   first	   order	   correction	   to	   quasi-­‐static	   approximation	   ought	   to	   be	  included	  to	  account	  for	  a	  scattering	  contribution,	  with	  a	  scattering	  cross-­‐section	  given	  by	  the	  following	  expression	  [66]:	  	  
	   	  	   	   	   	   	   	   (4)	   	  
C
O
M
M
U
N
IC
A
TIO
N
its UV absorption edge is significantly blue-
shifted relative to the undoped In2O3 sample
also shown. The !35 nm difference corre-
sponds roughly to a 0.34 eV band gap
expansion, which is directly attributed to
free carriers in the ITO material. An
investigation of the relationships between
Sn content, carrier concentration, and band
gap variation in this nanoparticle system is
currently underway. Using values deter-
mined by Gupta et al. (e¼ 8.9, me*¼ 0.35,
and mh
*¼ 0.6), we have calculated the Bohr
radius of bulk In2O3 to be !2.13 nm.[20]
Accordingly, a study of the potential for
quantum confinement in this system is also in
progress. The spectral shift shown in Figure
4a during the first 48 h following synthesis
subsides only when all Sn4þ donor species
are activated and equilibrium is established
with respect to interstitial oxygen concentra-
tion.[21] The shift is clearly visible, as the
solution color changes from green to blue
during this period, and offers an interesting
method by which to study the phenomena in
ITO-nanoparticle systems. Electrical mea-
surements were performed on this ITO
sample in pellet form. The organic ligands that cover particle
surfaces were burned off at 500 8C in a pure-oxygen
environment. The resultant powder was then pressed into
three 10mm diameter pellets and sintered at 700 8C in a
reducing atmosphere of nitrogen and hydrogen. Taking the
pellet’s diameter and thickness into account, four-probe
analysis revealed an average conduction of 29 S cm$1.[22]
Optimization of the atmosphere and sintering temperature
during such a procedure is expected to significantly increase
this value.
In summary, the formation of !5nm ITO particles with a
narrow size distribution has been achieved through a colloidal-
chemistry approach that utilizes readily available and essentially
nontoxic precursors, making it ideal for industrial scale-up. A
combinationofnucleophilic attackandcondensation–hydrolysis
cascade reactions produced highly crystalline nanoparticles that
display a complete lack of agglomeration in solution. Their
optical properties and el ctrical behavi r are characteristic of
TCO systems with a high carrier concentration. The highly
dispersible ITO nanoparticles described in this communication
arepossiblecandidates forbothdip-coatingand inkjetprocesses,
whichmay allow their application to geometrically complex and
heat-sensitive substrates. Additionally, the use of this system to
explore the fundamental physics of ITOat sizes approaching the
Bohr radius is certainly possible.
Experimental
All procedures were performed using standard Schlenk equipment.
Indium acetate (99.99%), tin acetate (99.99%), MA, ODA, and
Figure 3. TEM image of ITO nanoparticles synthesized by a colloidal chemist y approach (right).
The upper left inset presents a high-resolution Z-contrast STEM image of a single particle that
displays the degree of crystallinity attained without high-temperature annealing. The lower left
chart presents the size distribution of 300 random particles.
Figure 4. a) UV–NIR transmission spectra of a concentrated solution of
ITO nanoparticles dispersed in n-hexane. The spectrum of undoped indium
oxide is also displayed. b) UV–NIR transmission spectra displaying the
effects of dilution on the sample measured at 48 h.
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  In	  above	  equations,	  k=nmω/c	  with	  nm= (εm)1/2 the	  refractive	  index	  of	  the	  dielectric	  environment	  and	  c is	  the	  speed	  of	  light	  in	  vacuum.	  The	  dielectric	   function	  of	   the	  metal	   typically	  entails	   two	  different	   terms,	  one	   from	  the	   free-­‐carriers	   in	   the	   conduction	   band	   (Drude	   term),	   εDrude(ω), and	   one	   from	   the	   bound	   electrons	  which	   are	   responsible	   for	   interband	   optical-­‐transitions	   (Lorentz	   term),	   εLorentz(ω) [66]. For	  noble	   metals,	   the	   Drude	   contribution	   is	   dominating	   in	   the	   red	   and	   infra-­‐red,	   where	   the	  Lorentz	  contribution	  can	  be	  assumed	  to	  be	  almost	  constant,	   i.e.	  εLorentz(ω) = ε∞−1,	  with	  ε∞	   the	  high-­‐frequency	  limit	  of	  the	  material	  dielectric	  function.	  Therefore,	  it	  is	  commonly	  assumed	  for	  gold	   and	   silver	   nanoparticles	   in	   the	   red/infra-­‐red	   a	   complex	   dielectric	   function	   given	   by	  
ε(ω) = εDrude(ω)+ε∞−1=ε1(ω)+iε2(ω), where:	  	  
	   	  
	   	   	   	   	   	   	   	   	   (5)	  	  In	  above	  equations,	  ωP	  is	  the	  plasma	  frequency	  of	  the	  free	  carriers	  of	  the	  system,	  and	  Γ	  is	  the	  free	  carrier	  damping	  (i.e.	  the	  inverse	  of	  the	  carrier	  relaxation	  time).	  The	   localized	  plasmon	  resonance	  exhibited	  by	  noble-­‐metal	  nanoparticles	   is	  manifested	  as	  a	  pronounced	  peak	  in	  the	  total	  optical	  extinction	  spectrum	  σE(ω)=σA(ω)+σS(ω).	  Since	  for	  noble-­‐metals	   below	   the	   plasma	   frequency	   |ε2(ω)|	  <<	  |ε1(ω)|	  	   an	   approximated	   value	   for	   the	  resonance	   frequency	  ωR	   is	   provided	   by	   the	   so-­‐called	   Frölich	   condition:	   ε1(ωR	  )	  =	  -­‐2εm.	   Note	  that	  in	  the	  red/infra-­‐red,	  where	  the	  real	  part	  of	  the	  metal	  dielectric	  constant	  is	  monotonically	  increasing	   as	   a	   function	   of	   the	   optical	   frequency,	   the	   Frölich	   condition	   directly	   implies	   the	  red-­‐shift	   (blue-­‐shift)	  mechanism	  of	   the	  plasmonic	   resonance	  with	  an	   increase	   (decrease)	  of	  the	  refractive	  index	  of	  the	  surrounding	  environment.	  The	  quality	   factor	  Q	   (given	  by	   the	  ratio	  of	   the	  surface	  plasmon	  resonance	  bandwidth	   to	   the	  resonance	   frequency)	   in	   the	  quasi-­‐static	   limit	   is	  known	  to	  be	   independent	  of	  particle	   shape	  and	  size	  and	  turns	  out	  to	  be	  ultimately	  limited	  by	  the	  Ohmic	  losses	  experienced	  by	  the	  free-­‐carriers,	  according	  to	  the	  following	  equation	  [67]:	  	  
	   Q = ωR2ε2 ωR( ) dε1 ω( )dω ωR 	   	   	   	   	   	   	   (6)	  	  Typically,	  the	  quasi-­‐static	  quality	  factor	  Q	  is	  limited	  to	  few	  tens	  for	  gold	  nanoparticles	  and	  to	  50-­‐100	  for	  silver	  nanoparticles,	  and	  retardation	  effects	  in	  larger	  nanoparticles	  typically	  cause	  the	   quality	   factor	   to	   decrease	   below	   the	   quasi-­‐static	   limit	   because	   of	   the	   presence	   of	  scattering	  (that	  is	  radiation)	  losses.	  Though	  it	  has	  been	  demonstrated	  that	  the	  Q	  factor	  of	  an	  individual	  plasmonic	   structure	   can	  be	   sometimes	   increased	  beyond	   the	  quasi-­‐static	   limit	   of	  Eq.	   (6)	   when	   including	   the	   wave	   retardation	   for	   plasmonic	   nanoparticles	   with	   magnetic-­‐dipole	   response	   [68],	   the	   limited	   value	   of	   the	   quasi-­‐static	   Q	   poses	   some	   limitations	   to	  plasmonics	   in	   sensing	   applications	   with	   ultra-­‐small	   particles.	   It	   is	   thus	   envisaged	   that	   the	  development	  of	  novel	  plasmonic	  materials	  can	  provide	  an	  enhancement	  of	  the	  quasi-­‐static	  Q	  as	  compared	  to	  metallic	  plasmonic	  nanostructures.	  	  
Localized	   plasmon	   resonances	   with	   identical	   features	   as	   those	   observed	   in	   noble-­‐metal	  nanoparticles	   have	   been	   reported	   in	   copper	   calchogenide	   nanocrystals,	   and	   in	   other	   non-­‐metallic	  media,	  including	  tin	  and	  zinc	  oxides.	  	  
4.1.	  Chalcogenide	  nanocrystals	  	  Among	   copper	   chalcogenide	   nanocrystals,	   the	   Cu2-­‐xSe	   nanocrystals	   have	   been	   attracted	  particular	   interest,	   since	   the	   copper	   stoichiometry	   can	   be	   accurately	   controlled	   upon	  oxidation/reduction	  processes	  as	  described	  in	  detail	  by	  both	  Dorfs	  et	  al.	  [36]	  and	  Kriegel	  et	  al.	  [52].	  The	  optical	  response	  exhibited	  by	  these	  nanocrystals	  under	  continuous	  wave	  excitation	  with	   near	   infrared	   light	   is	   plasmonic	   in	   nature	   and	   can	   be	   quantitatively	   interpreted	  according	   to	   the	  quasi-­‐static	  approximation	  of	   the	  Mie	   theory	  described	  above.	  As	  example,	  for	  x=0.15,	  Cu1.85Se	  nanocrystals	  dissolved	  in	  toluene	  are	  characterized	  by	  a	  relatively	  narrow	  plasmonic	   resonance	   (about	   0.56	   eV),	   with	   an	   intense	   peak	   around	   1050	   nm,	   as	   shown	   in	  Figure	  7,	  which	  reports	  the	  optical	  extinction	  spectrum	  of	  a	  solution	  of	  Cu1.85Se	  nanocrystals	  with	   estimated	   particle	   concentration	   N	   =	   13x1013	   cm-­‐3,	   placed	   in	   a	   0.5	   mm	   thick	   quartz	  cuvette.	   Figure	   7	   also	   reports	   the	   total	   extinction	   cross	   section	  σE	   of	   Cu1.85Se	   nanoparticles	  computed	  from	  Eqs.	  (3)-­‐(5)	  with	  parameters	  e∞	  =	  10,	  ωP=	  6.76x1015	  rad/s,	  and	  Γ	  =	  6.64x1014	  rad/s	  [69].	  	  
	  	  
Figure	  7.	  Experimental	  steady-­‐state	  optical	  extinction	  spectrum	  of	  a	  solution	  of	  Cu1.85Se	  nanocrystals	  dissolved	   in	   toluene	   (solid	   black	   line),	   and	   theoretically	   computed	   extinction	   efficiency	   (dashed	   red	  line)	  from	  Eqs.	  (3)-­‐(5)	  (see	  text	  for	  parameters).	  The	  inset	  reports	  a	  transmission	  electron	  microscopy	  (TEM)	  image	  of	  the	  nanocrystals.	  Reprinted	  with	  permission	  from	  ref.	  [69].	  	  The	   dielectric	   function	   ε	  depends	   on	   x,	   the	   degree	   of	   Cu	   deficiency,	   and	   this	   results	   in	   a	  plasmon	   resonance	   at	   frequency	   ωR	   that	   shows	   a	   blue-­‐shift	   with	   increasing	   x	   [26].	   The	  oxidation	   process	  was	   responsible	   for	   the	   decrease	   of	   the	   Cu:Se	   stoichiometry	   from	   values	  close	  to	  2:1	  down	  to	  the	  lower	  limit	  of	  1.6:1;	  an	  other	  way	  to	  vary	  x	  from	  0	  to	  0.4	  is	  via	  Ce4+-­‐based	  oxidation	  (Figure	  8).	  In	  situ	  elemental	  analysis	  in	  the	  transmission	  electron	  microscope	  (TEM)	  assessed	  the	  stoichiometry	  for	  these	  two	  extreme	  compositions.	  During	  this	  variation	  in	  x,	  the	  optical	  response	  in	  the	  near-­‐infrared	  region	  evolved	  from	  a	  broad	  band	  around	  1700	  nm	   (Cu1.96Se),	   to	  narrower	  band	  at	   shorter	  wavelengths,	   up	   to	  1100-­‐1150	  nm	   for	   the	  most	  oxidized	   species.	   Gradual	   reduction	   of	   the	   resulting	   copper	   deficient	   nanocrystals	   by	   the	  addition	  of	  Cu+	  ions	  restores	  the	  optical	  response	  of	  the	  “as-­‐synthesized”	  samples.	  Hence	  the	  
reduction	  of	  x	  to	  0,	  by	  further	  addition	  of	  Cu(I)	  salt,	  led	  to	  disappearance	  of	  the	  plasmon	  band.	  However,	  controlled	  oxidation	  could	  restore	  the	  absorption	  in	  the	  IR.	  A	  control	  over	  x	  in	  the	  range	  from	  0	  to	  0.2	  (for	  oxidation	  with	  O2)	  or	  from	  0	  to	  0.4	  (for	  oxidation	  with	  Ce4+)	  has	  been	  achieved,	  allowing	  fine-­‐tuning	  of	  the	  NIR	  absorption	  band	  in	  the	  1100-­‐1700	  nm	  range	  (Figure	  9).	  	  
	  
Figure	  8.	  Oxidation,	  which	  increases	  copper	  deficiency,	  could	  be	  carried	  out	  either	  by	  exposure	  to	  air	  or	  by	  stepwise	  addition	  of	  a	  Ce(VI)	  complex.	  Reduction,	  which	  decreases	  copper	  deficiency,	  could	  be	  carried	  out	  by	  addition	  of	  a	  Cu(I)	  complex.	  Reprinted	  with	  permission	  from	  ref.	  [36].	  	  
	  	  
Figure	  9.	  (a)	  Extinction	  spectrum	  of	  the	  “as-­‐synthesized”	  Cu1.96Se	  nanocrystals	  over	  time,	  when	  they	  are	   gradually	   oxidized,	   under	   ambient	   conditions,	   to	   Cu1.81Se.	   (b)	   Extinction	   spectra	   of	   the	   oxidized	  sample	  (Cu1.81Se)	  when	  treated	  with	  different	  amounts	  of	  a	  Cu(I)	  salt.	  Each	  step	  from	  the	  black	  toward	  the	   yellow	   spectrum	   corresponds	   to	   an	   addition	   of	   5	   μL	   of	   a	   0.02	   M	   Cu(CH3CN)4PF6	   solution.	   (c)	  Evolution	  of	  the	  extinction	  spectra	  of	  the	  reduced	  sample	  from	  (b)	  when	  again	  oxidized	  under	  ambient	  conditions	  for	  19	  h	  in	  total	   from	  the	  black	  to	  the	  yellow	  spectrum.	  Sharp	  absorption	  peaks	  in	  panels	  (b)	  and	  (c)	  are	  due	  to	  methanol	  and	  Cu(I)	  salt	  absorption.	  (d)	  Calculated	  extinction	  spectra	  of	  single	  Cu2-­‐xSe	  nanocrystals	  for	  different	  x	  values.	  Reprinted	  with	  permission	  from	  ref.	  [36].	  	  	  
4.2.	  Localized	  surface	  plasmon	  resonance	  in	  other	  nanocrystals	  	  Several	   groups	   have	   been	   investigating	   the	   optical	   properties,	   from	   the	   visible	   to	   the	   near	  infrared,	   of	   indium	   tin	   oxide	   (ITO)	   nanocrystals	   [70-­‐72].	   A	   plasmonic	   resonance	   has	   been	  observed,	  whose	  position	  could	  be	  tuned	  from	  1600	  nm	  to	  2200	  nm	  in	  two	  different	  ways:	  i)	  by	   controlling	   the	   concentration	   of	   tin	   dopants	   as	   shown	   in	   Figure	   10)	   [37,71,73];	   ii)	  electrochemically	  by	  applying	  a	  bias-­‐voltage	  [37].	  As	   for	   the	  case	  of	  other	  wide	  band	  gap	  n-­‐type	  semiconductors,	   the	  plasmonic	  band	  of	   ITO	  can	  be	  explained	  via	  Mie	  scattering	   theory	  using	  a	  frequency	  dependent	  damping	  parameter,	  which	  depends	  on	  scattering	  from	  ionized	  impurities	  [55,74,75].	  However,	  Wang	  et	  al.	  noted	  that	  the	  plasmon	  resonance	  appeared	  only	  for	  body-­‐centered	  cubic	  (bcc)	  NCs	  and	  not	  for	  rhombohedral	  ones	  [72].	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nanocrystals,19 adopted the explanation that this absorption
corresponds to a transition belonging to an indirect band gap
of Cu2!xSe, at least for x around 0.2.
25 Previous reports by
Yumashev et al. and Gurin et al. on glasses containing oxidized
Cu2Se nanoparticles assigned instead the IR band to a “photo-
darkening effect”, to transitions involving electrons trapped in
long-lived deep trap states in the glass matrix.26,27 However,
enough evidence so far has been brought, most notably by
Burda’s and Alivisatos’ works on Cu2!xS nanoparticles discussed
above,21,24 that also in Cu2!xSe this peak should be assigned to a
plasmon resonance. Indeed, a recent work by Korgel et al. on
Cu2!xSe nanoparticles (while the present work was under
review) made such a statement and furthermore demonstrated
that the NIR band could be exploited for photothermal therapy
applications.28
Here, we report the reversible tuning of the near-infrared
plasmonic response of colloidal Cu2!xSe nanocrystals (synthesized
according to a pro edure reported by us in a previous work19)
via post synthetic, gradual oxidation of 2!xSe nanocrystals,
either under ambient conditions (i.e., under air) or by stepwise
addition of a Ce(IV) complex. The oxidation process was
responsible for the decrease of the Cu:Se stoichiometry from
values close to 2:1 of the nanocrystals “as-synthesized” down to
the lower limit of 1.6:1; that is, “x” could be varied from 0 to
0.4 (for Ce4+-based oxidation, Scheme 1). The stoichiometry
for these two extreme compositions was assessed via in situ
elemental analysis in the transmission electron microscope
(TEM); see below. During this variation in x, the optical
response in the near-infrared region evolved from a broad band
around 1700 nm (Cu1.96Se),
29 to a symmetric and narrower band
shifted at shorter wavelengths, down to a narrow band at
1100!1150 nm for the most oxidized species. A subsequent,
gradual reduction of the resulting copper deficient nanocrystals by
the addition f Cu+ ions could restore the optical respo se of the
“as-synthesized” samples; that is, x could be again decreased.
Further addition of Cu(I) salt led to disappearance of the
absorption band (hence to a reduction of x to 0).29 However,
controlled oxidation could restore the absorption in the IR.Hence,
by means of the two reversible xidation and r duction processes,
a control over x in the range f om 0 to 0.2 (for oxidation with O2)
or from0 to 0.4 (for oxidationwithCe4+) could be achieved, which
allowed to continuously fine-tune the NIR absorption band of
these nanocrystals in the 1100!1700 nm range. These studies
were supported by computations in the framework of the electro-
static approximation for a conductive nanosphere interacting with
an external electric field.
Overall, the present study demonstrates how the IR plasmonic
behavior of such Cu2!xSe nanoparticles can be tuned reversibly
on the basis of their copper deficiency, which can be increased by
various oxidation means (we report here the oxidation under air
and by a Ce(IV) complex) or decreased by the addition of a
Cu(I) complex.
2. EXPERIMENTAL SECTION
Chemicals. Copper chloride (CuCl, 99.999%) and elemental selenium
(Se, 99.99%) were purchased from Strem chemicals. Tetrakis(acetonitrile)-
copper(I) hexafluorophosphate, oleylamine (OLAM, 70%), oleic
acid (OLAC, 90%), 1-octadecene (ODE, 90%), tetrachloroethylene
(spectroscopic grade), and 1-butanol were purchased from Sigma-
Aldrich. Anhydrous ethanol, toluene, and chloroform, as well as cerium-
(IV)!ammonium nitrate (>98.5%) were purchased from Carlo Erba
reagents. All chemicals were used without further purification.
Synthesis of Cu2!xSeNanoparticles.The synthesis of Cu2!xSe
particles was a slightly adapted variation of the one previously published
by us:19 Anhydrous CuCl (0.099 g, 1 mmol) was first added to a mixture
of 5 mL of oleylamine and 5 mL of 1-octadecene (ODE) in a reaction
flask. After evacuation for 1 h at 80 !C using standard Schlenk line
technique, the reaction mixture was exposed to a constant flow of
nitrogen. The temperature was then set to 300 !C. A solution of Se in
oleylamine was freshly prepared bymixing 0.039 g of Se (0.5mmol) with
3mL of oleylamine. Subsequently, the oleylamine/seleniummixture was
heated to 150 !C under vacuum for 1 h using standard Schlenk line
technique followed by switching to a nitrogen flow and heating to
230 !C for 1 h to fully dissolve the selenium. This solution was then
cooled to 100 !C. The solution was kept at this temperature and
transferred into a glass syringe equipped with a large needle (12 gauge
external diameter) and injected quickly into the flask. After the injection,
the temperature of the reaction mixture dropped to 280 !C, and it was
allowed to recover to the preinjection value. The overall reaction time
after injection was 15 min, after which the flask was rapidly cooled to
room temperature. Once at room temperature, 5 mL of toluene was
added to the reaction mixture, the resulting solution was transferred into
a vial under a blanket of nitrogen, and the vial was then stored inside a
glovebox. This solution was then washed by precipitation (via addition
of ethanol) and redissolution in toluene. After the washing step, the
Cu2!xSe nanocrystals were dissolved in 3 mL of toluene.
Optical Spectroscopy. For acquiring the extinction spectra, the
particles dissolved in toluene were dried in a flow of nitrogen followed by
redispersion in tetrachloroethylene or toluene. These solutions were
measured in a 1 cm quartz cuvette using a Varian Cary 5000 UV!vis!
NIR absorption spectrophotometer. Under inert gas conditions, airtight
screw cap cuvettes were used.
Oxidation of the Cu2!xSe Nanocrystals under Ambient
Conditions. The original Cu2!xSe nanoparticles stored in an inert
atmosphere glovebox were taken out of the glovebox and oxidized
under ambient conditions. In toluene, the oxidation process lasted for
around 24 h, while in tetrachloroethylene the same oxidation occurred
within 1 h.
Oxidation of the Cu2!xSe Nanocrystals under Oxygen-
Free Conditions. The Cu2!xSe nanoparticles were oxidized by
adding small volumes of NH4Ce(NO3)6 dissolved in butanol or ethanol
(0.1 M solution in ethanol or 0.05M solution in butanol) under oxygen-
free conditions in an inert atmosphere glovebox.
Reduction of Cu2!xSe Nanocrystals by Addition of Cu(I)
Salt. 37 mg of Cu(I)(CH3CN)4PF6 was dissolved in 5 mL of methanol
resulting in a 0.02 M solution. This solution was added in portions of
5 μL directly into the cuvette containing the Cu2!xSe nanoparticles, and
the absorption spectra were recorded immediately afterward.
Transmission Electron Microscopy and STEM Analysis.
High-resolution TEM (HRTEM), high angular annular dark field
(HAADF), scanning TEM (STEM), and energy filtered TEM (EFTEM)
Scheme 1. Reversible Oxidation/Reduction of Cu2!xSe
Nanocrystalsa
aOxidation, which incr ases copp r deficiency, could be carried out
either by exposure to air or by stepwise addition of a Ce(VI) complex.
Reduction, which decreases copper deficiency, could be carried out by
addition of a Cu(I) complex.
Another	   dopant	   for	   tin	   oxide	   is	   antimony.	   In	   the	   work	   by	   zumFelde	   et	   al.	   it	   has	   been	  investigated	  the	  infrared	  optical	  properties	  of	  antimony-­‐doped	  tin	  oxide	  (ATO)	  NCs	  produced	  by	  a	  co-­‐precipitated	  method	  [76],	  where	   infrared	  absorption	  was	  modulated	   in	   intensity	  by	  applying	  a	  bias	  voltage.	  	  
	  
Figure	  10.Transmission	  electron	  microscopy	  images	  of	  ITO	  NCs	  of	  varying	  size	  (nm):	  (a)	  4.1	  ±	  0.6,	  (b)	  7.4	  ±	  1.4,	  (c)	  10.2	  ±	  1.7,	  and	  (d)	  12.1	  ±	  1.5.	  (e)	  Extinction	  spectra	  of	  NCs	  with	  varying	  tin	  content	  (%)	  in	  solvent	  dispersions.	  Reprinted	  with	  permission	  from	  ref.	  [26].	  [37].	  	  Zinc	  oxide	  nanocrystals	  (n-­‐type	  semiconductors)	  show	  enhanced	  IR	  absorption,	  obtained	  by	  charge-­‐transfer	   doping	   or	   by	   irradiating	   the	   crystals	   with	   above-­‐bandgap	   UV	   light,	   as	  observed	  by	   Shim	  et	   al.	   [77].	  Aluminium	  doped	   zinc	   oxide	  NCs	   (AZO)	  have	   a	   clear	   infrared	  plasmon	   peak,	   paving	   the	   way	   to	   the	   use	   of	   such	   material	   as	   a	   cheaper	   and	   eco-­‐friendly	  alternative	  to	  ITO	  NCs	  for	  applications	  in	  flexible	  and	  wearable	  electronic	  devices.	  It	  has	  been	  shown	   that,	   by	  varying	   the	   concentration	  of	  Al	   substitutional	   ions	  between	  0	  and	  8	  %,	   it	   is	  possible	   to	   tune	   the	   plasmon	   resonance	   between	   3	   and	   10	   µm	   (3200	   to	   1000	   cm-­‐1),	  while	  keeping	   the	   NCs	   transparent	   in	   the	   visible	   range	   [60].	   Hammarberg	   et	   al.	   [57]	   reported	   a	  synthesis	   strategy	   to	   realize	   indium	   doped	   zinc	   oxide	   NCs,	   while	   Cohn	   et	   al.	   described	   a	  synthesis	  route	  in	  which	  zinc	  could	  be	  substituted	  by	  manganese	  [78].	  An	  additional	  way,	  besides	  doping,	  to	  make	  ZnO	  NCs	  conductive	  is	  to	  photochemically	  charge	  them	   [79].	   These	   NCs	   have	   the	   same	   optical	   properties	   of	   Al	   doped	   ZnO	   NCs,	   but	   show	   a	  different	  chemical	  reactivity	  [80].	  Manthiram	  and	  Alivisatos	  [38]	  showed	  tungsten	  oxide	  nanocrystals	  with	  potential	  interest	  for	  photo-­‐chemical	   applications,	   also	  owing	   to	   their	   robustness.	  The	  electronic	  band	  gap	  of	  2.6	  
eV,	   suitable	   for	   photovoltaics,	   is	   tunable	   by	   modifying	   the	   stoichiometry.	   Moreover,	  stoichiometry	   deficient	   WO3-­‐x	   nanocrystals	   have	   an	   intense	   absorption	   band	   between	   the	  visible	  and	  near	  infrared	  region	  of	  the	  spectrum,	  due	  to	  a	  tunable	  localized	  surface	  plasmon	  resonance	  (Figure	  11).	  For	  instance,	  they	  showed	  that	  the	  absorption	  spectrum	  of	  WO2.83	  NCs	  could	  be	  tuned	  from	  1.38	  eV	  (900	  nm)	  to	  1.13	  eV	  (1100	  nm),	  by	  heating	  in	  presence	  of	  oxygen	  and	  incorporating	  new	  oxygen	  atoms	  in	  the	  crystal	  lattice,	  and	  therefore	  changing	  the	  carrier	  density.	  	  	  
	  
Figure	  12.	  (a)	  Comparison	  of	  experimentally	  observed	  and	  theoretically	  predicted	  absorption	  spectra	  of	  the	  short-­‐axis	  mode	  of	  WO2.83	  rods	  in	  N-­‐methylpyrrolidone.	  (b)	  Experimentally	  observed	  short-­‐axis	  LSPR	  wavelength	  as	  a	  function	  of	  the	  refractive	  index	  of	  the	  solvent.	  Reprinted	  with	  permission	  from	  ref.	  [38].	  	  	  
5.	  Ultrafast	  plasmon	  response	  in	  semiconductor	  nanocrystals	  
	  Very	   recently,	   non-­‐metallic	   plasmonic	   nanocrystals	   have	   attracted	   an	   increasing	   interest	   as	  non-­‐linear	   plasmonic	   materials.	   As	   for	   the	   case	   of	   static	   optical	   response,	   the	   dynamical	  optical	   features	   exhibited	   by	  nonstoichiometric	   calchogenide	   nanocrystals	   turned	   out	   to	   be	  very	   similar	   to	   the	   nonlinear	   plasmonic	   response	   exhibited	   by	   noble-­‐metal	   nanoparticles.	  Experimental	  studies	  conducted	  by	  pump-­‐probe	  technique	  have	  been	  reported	  by	  Scotognella	  
et	  al.	  [69]	  and	  by	  Kriegel	  et	  al.	  [52]	  for	  compounds	  including	  Cu2−xS,	  Cu2−xSe	  and	  Cu2−xTe	  (x>0).	  The	   pump-­‐probe	   technique	   allows	   for	   an	   accurate	   investigation	   of	   the	   transient	   optical	  response	   of	   a	   system	   after	   exposure	   to	   an	   intense	   laser	   pulse	   (pump	   pulse).	   A	  weak	   pulse	  (probe	  pulse)	  launched	  onto	  the	  sample	  at	  a	  controlled	  time	  delay	  with	  respect	  to	  the	  arrival	  of	  the	  pump	  pulse	  is	  exploited	  to	  monitor	  the	  temporal	  evolution	  of	  the	  optical	  extinction	  of	  the	   sample	   (usually	   measured	   in	   terms	   of	   a	   differential	   absorption	   or	   a	   differential	  transmission).	   The	   differential	   absorption	  measurements	   in	   correspondence	   to	   the	   peak	   of	  the	   localized	  plasmon	   resonance	   of	   Cu2−xS/Se/Te	   (Fig.	   12)	   exhibit	   a	   common	  general	   trend	  with	  two	  well	  separated	  temporal	  dynamics:	  a	  short-­‐time	  dynamics,	  on	  the	  time-­‐scale	  of	  few	  ps,	   and	   a	   long-­‐time	   dynamics,	   on	   the	   time	   scale	   of	   hundred	   ps.	   These	   distinct	   temporal	  behaviours	  have	  been	  attributed	  to	  the	  dynamical	  features	  of	  the	  two	  fundamental	  processes	  of	  carrier-­‐phonon	  interaction	  and	  phonon-­‐phonon	  interaction	  respectively	  [52,69],	  similarly	  to	  what	   observed	   in	   gold	   and	   silver	   nanoparticles.	   Actually,	   when	   the	   pump	   pulse	   is	   in	   the	  infrared	  region	  of	  the	  spectrum,	  the	  initial	  Fermi	  distribution	  of	  free	  carriers	  of	  the	  systems	  is	  strongly	  perturbed	  by	  pump	  absorption;	   the	  pump	  pulse	   creates	  energetic	   carriers	   that	  are	  
transport measurements;19 this material is also blue, but the
origin of its optical absorption has not been discussed in the
literature. We demonstrate in this communication that
nanoscale WO2.83 (W24O68) can support strong LSPRs and
that these LSPRs account for a strong absorption feature
ranging from the red edge of the visible to the near-IR (NIR).
WO2.83 nanorods were prepared by hot injection of
tungsten(V) ethoxide into a solvent mixture of oleic acid and
trioctylamine at 315 °C under an inert atmosphere [see the
Supporting Information (SI)].20 The recovered product
exhibited a strong blue color (Figure 1a). Transmission
electron microscopy (TEM) revealed a rodlike morphology
(Figure 1b) with an average width of 5.4 nm and an average
length of 62 nm (see the SI). X-ray diffraction (XRD)
demonstrated that the particles have the monoclinic structur
of W24O68 (Figure 1c), which corresponds to a stoichiometry of
WO2.83.
21 Like many nonstoichiometric TMOs, WO3−δ has rich
phase behavior, and the particular phase that is obtained
depends significantly on the synthetic conditions used.
The optical absorption spectrum of our WO2.83 nanorods has
a peak centered at approximately 900 m (F gure 2a). We used
Mie−Gans theory22 to predict the LSPR spectrum that we
would expect for our WO2.83 nanorods. The LSPR absorbance
A of a solution of nanorods is given by
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where ω is the angular frequency of incident light, εm is the
dielectric constant of the medium, ε1 and ε2 are the real and
imaginary parts, respectively, of the dielectric function ε(ω) of
WO2.83, and the Pj are the depolarization factors for axes A, B,
and C of the rod (A is the long axis, while B and C are the short
axes). We assume that axes B and C have the same width for a
rod. The depolarization factors in eq 1 are given by
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The geometric parameter s that appears in eq 2 is
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where R is the aspect ratio of the rods. We approximate the
dielectric function ε(ω) of WO2.83 in eq 1 as that of a free-
electron gas in the energy range of interest:
ε ω = ε + ε = −
ω
ω + γω
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1 2
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where ωp is the bulk plasma frequency and γ is the collis on
frequency. The bulk plasma frequency ωp in eq 5 is
ω = ε
Ne
mp
2
0 e (6)
where N is the charge carrier density, e is the elementary
charge, ε0 is the permittivity of free space, and me is the
effective mass of an electron. The collision frequency γ in eq 5
is given by
γ = τ = σ
e
m
1 2
e (7)
where τ is the scattering time of an electron and σ is the
conductivity. We had to estimate several of the parameters in
the above equations in order to calculate the LSPR spectrum of
Figure 1. (a) Photograph of WO2.83 nanorods in N-methylpyrrolidone.
(b) TEM micrograph of WO2.83 nanorods. (c) XRD pattern of WO2.83
nanorods (top) and the reference pattern for WO2.83 (bottom).
Figure 2. (a) Comparison of experimentally observed and theoretically
predicted absorption spectra of the short-axis mode of WO2.83 rods in
N-methylpyrrolidone. (b) Experimentally observed short-axis LSPR
wavelength as a function of the refractive index of the solvent.
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not	  in	  thermal	  equilibrium	  and	  within	  a	  few	  hundred	  femtoseconds	  a	  new	  Fermi	  distribution	  is	  reached	  via	  strong	  carrier-­‐carrier	  scattering,	  resulting	  in	  a	  thermalized	  free	  carrier	  gas	  with	  higher	  temperature	  than	  the	  lattice	  (hot	  carriers).	  	  
	  	  
Figure	   12.	   Experimental	   and	   numerical	   pump-­‐probe	   differential	   absorption	   measurements	   in	  chalcogenide	   nanocrystals:	   (a)	   Cu2-­‐xS,	   (b)	   Cu2-­‐xSe,	   (c)	   Cu2-­‐xTe.	   Insets:	   carrier-­‐carrier	   thermalization.	  Reprinted	  with	  permission	  from	  ref.	  [52].	  	  Subsequently,	  within	   the	   following	   few	  picoseconds	   the	  carrier	  gas	  cools	  down	  by	  releasing	  its	  excess	  energy	  to	  the	  lattice	  through	  carrier-­‐phonon	  coupling.	  Ultimately,	  within	  hundreds	  of	  picoseconds,	  the	  nanoparticle	  releases	  its	  energy	  to	  the	  environment,	  with	  heat	  conduction	  to	  the	  surface	  of	  the	  nanoparticles	  provided	  by	  phonon-­‐phonon	  coupling	  [35,36].	  	  A	   first	  attempt	   to	  provide	  a	  consistent	  modeling	  of	   the	   temporal	  dynamics	  above	  described	  has	   been	   reported	   for	   Cu2-­‐xSe	   [69],	   by	  mimicking	   a	   theoretical	  model	   employed	   for	   noble-­‐metal	   nanoparticles.	   Since	   the	   ps	   dynamics	   is	   related	   to	   the	   cooling	   of	   the	   hot	   carrier	   gas	  generated	  by	  absorption	  of	  the	  pump	  energy,	  the	  time	  evolution	  of	  the	  system	  within	  ps	  time	  scale	  can	  be	  modeled	  as	  a	  result	  of	  a	  heat	   transfer	  between	  a	   thermalized	  gas	  of	  carriers	  at	  temperature	   TC	   and	   the	   lattice	   at	   a	   lower	   temperature	   TL,	   via	   carrier-­‐phonon	   scattering	  process.	   The	   so-­‐called	   Two	   Temperature	   Model	   (TTM)	   quantitatively	   accounts	   for	   such	  transfer	  according	  to	  the	  following	  coupled	  equations	  [35]:	  	  
	   	   	   	   	   	   (7)	  	  where	   γTC	  is	   the	   heat	   capacity	   of	   the	   carrier	   gas,	   being	   γ	   the	   so-­‐called	   carrier	  heat	  capacity	  
constant,	  CL	   is	  the	  heat	  capacity	  of	  the	  lattice,	  G	  and	  GL	  are	  the	  carrier-­‐lattice	  coupling	  factor	  and	   the	   lattice-­‐environment	   coupling	   factor	   respectively	   (to	   be	   determined	   as	   fitting	  parameters	  of	  the	  model),	  T0	  is	  the	  environmental	  temperature	  (which	  is	  assumed	  constant)	  and	  PA(t)	  is	  the	  pump	  power	  density	  absorbed	  in	  the	  volume	  of	  the	  metallic	  system,	  that	  can	  be	   estimated	   from	   continuous-­‐wave	   optical	   measurements	   (see	   [69]	   for	   details).	   From	  numerical	   solution	   of	   Eq.	   (7)	   the	   temperature	   dynamics	   induced	   by	   the	   pump	   pulse	   is	  retrieved.	  The	  effects	  of	   the	   carrier	   and	   lattice	   temperatures	  on	   the	  dielectric	   function	  depend	  on	   the	  detailed	   band	   structure	   of	   the	   material,	   and	   on	   the	   energy	   of	   the	   probe	   photon.	   It	   is	   well	  
accepted	   that	   Cu2-­‐xSe	   behaves	   as	   a	   p-­‐type	   degenerate	   semiconductor	  with	   a	   partially	   filled	  valence	  band	  (see	  section	  2).	  According	  to	  Al-­‐Mamun	  et.	  al.	  [42]	  (cf.	  section	  2)	  it	  is	  expected	  that	  the	  pump	  photon	  at	  1.19	  eV	  energy	  is	  absorbed	  by	  an	  intra-­‐band	  process	  alone	  similarly	  to	  what	  happens	   in	  noble	  metals	   in	   the	  near	   infrared,	  and	  no	   indirect	   interband	   transitions	  are	  expected	  to	  occur.	  The	  subsequent	  heating	  of	  the	  carrier	  gas	  results	  in	  a	  smearing	  of	  the	  Fermi	  distribution,	  and	  gives	  rise	  to	  a	  modulation	  of	  the	  inter-­‐band	  transition	  probability	  for	  the	  probe	  light	  at	  1.38	  eV	  and	  at	  0.95	  eV	  [Fig.14(a)],	  which	  results	  in	  a	  modulation	  Δε∞	  of	  the	  ε∞	  parameter	  in	  the	  dielectric	  function	  of	  Eq.	  (5).	  	  In	  metals,	  it	  is	  well	  known	  that	  this	  modulation	  is	  real	  and	  proportional	  to	  the	  carrier	  excess	  energy	  [33,36]	  and	  thus	  it	  scales	  quadratically	  with	  the	  carrier	  temperature	  TC,	  	  	  	   	   	   	   	   	   	   	   	   	   	   	   (8)	  with	  η	  being	  a	  fitting	  parameter	  to	  be	  determined.	  	  The	   heating	   of	   the	   lattice	   results	   in	   a	   modulation	   of	   the	   Γ	   parameter	   related	   to	   the	   free	  carriers,	  as	  a	  consequence	  of	  the	  linear	  increase	  of	  the	  free	  carrier	  scattering	  with	  increasing	  lattice	  temperature,	  like	  in	  metallic	  systems	  [36]:	  
	  
	   	   	   	   	   	   	   	   	   	   (9)	  	  where	   Γ0	   is	   the	   room	   temperature	   carrier	   damping	   and	   β	   a	   constant	   parameter,	   to	   be	  estimated	  from	  experimental	  measurements	  (see	  [69]	  for	  details).	  The	  temperature-­‐dependent	  dielectric	  function	  of	  Cu2-­‐xSe	  is	  thus	  given	  by:	  	  
	   	   	   	   (10)	  	  with	  TC	  and	  TL	  provided	  by	  numerical	  solution	  of	  the	  TTM	  [see	  Fig.	  13(b)].	  The	   theoretical	   differential	   transmission	   can	   be	   then	   computed	   as	   ΔT/T	   =	   exp(-­‐ΔσENL)-­‐	  1,	  with	  ΔσE	   the	  variation	  attained	  by	   the	  extinction	  cross-­‐section	  according	   to	   the	  quasi-­‐static	  formulas	  of	  Eq.(3)-­‐(4),	  and	  above	  Eq.(10)	  for	  the	  metal	  dielectric	  function.	  The	  theoretical	  prediction	  of	  this	  semi-­‐empirical	  model	  turns	  out	  to	  be	  in	  excellent	  agreement	  with	  the	  experiments	  on	  Cu2-­‐xSe	  nanoparticles,	  as	  detailed	  in	  Figure	  14,	  showing	  the	  temporal	  dynamics	  of	  the	  ΔT/T	  probed	  at	  900	  nm	  [Fig.	  14(a)]	  and	  at	  1300	  nm	  [Fig.	  14(b)],	  obtained	  by	  exciting	  the	  nanocrystals	  with	  different	  pump	  fluences.	  At	  900	  nm,	   the	  experimental	  results	  revealed	  ΔT/T	   >0	   right	   after	   the	   absorption	   of	   the	   pump	   beam,	   with	   a	  maximum	   value	   of	  about	  40%	  under	  the	  maximum	  pump	  fluence	  of	  4.45	  mJ/cm2,	  whereas	  at	  1300	  nm	  ΔT/T<	  0	  was	  observed,	  with	  maximum	   (negative)	   value	  of	   about	   -­‐3%	  under	   a	   pump	   fluence	  of	   1.87	  mJ/cm2.	  In	  both	  cases,	  a	  monotonic	  and	  fast	  decrease	  of	  the	  signal	  was	  then	  observed	  within	  a	  few	  ps	  [Figs.	  14(a)	  and	  (b)]	  followed	  by	  a	  much	  slower	  (ns	  time	  scale)	  decay	  [Fig.	  14(c)	  for	  the	  signal	  probed	  at	  900	  nm],	  leading	  to	  complete	  recovery	  of	  the	  initial	  condition	  (before	  pump	  arrival)	  within	  a	  few	  ns.	  	  	  
	  	  
Figure	  13.	   (a)	  Tentative	  sketch	  of	  band	  diagram	  in	  Cu1.85Se	  for	  optical	  transitions	   in	  the	  visible.	  The	  smearing	   of	   the	   electron	   distribution	   f(E)	   due	   to	   intraband	   pump	   absorption	   and	   the	   subsequent	  carrier	   temperature	   (TC)	   increase	   is	   also	   illustrated.	   (b)	   Carrier	   (hole)	   and	   lattice	   temperature	  numerically	  computed	  from	  the	  TTM	  of	  Eq.	  (7).	  Reprinted	  with	  permission	  from	  ref.	  [69].	  	  It	   is	  worth	  noting	   that	   the	  maximum	  ΔT/T	   exhibited	  by	  Cu1.85Se	  nanocrystals	  exceeds	  by	  at	  least	   one	   order	   of	  magnitude	   the	  ΔT/T	  reported	   in	  metallic	   systems	   for	   comparable	   pump	  fluences	  (cf.	  [33,35]).	  This	  is	  attributed	  to	  the	  low	  carrier	  density	  and	  structural	  peculiarities	  of	   Cu1.85Se.	   In	   particular,	   the	   lower	   carrier	   density	   is	   responsible	   for	   a	   smaller	   carrier	   heat	  capacity	  and	  for	  a	  much	  higher	  effective	  carrier	  temperature	  at	  comparable	  fluences.	  Also,	  at	  long	  delays,	  the	  significant	  residual	  optical	  response	  results	  from	  a	  larger	  dependence	  of	   the	   Drude	   broadening	  Γ	   on	   the	   lattice	   temperature	   compared	   to	  metals.	   Gorbachev	   and	  Putilin,	   for	   thin	   films	   of	   similar	   composition	   and	   in	   the	   same	   temperature	   range,	   found	   a	  strong	  red-­‐shift	  of	  the	  plasma	  frequency	  with	  increasing	  lattice	  temperature	  [27]	  that	  was	  not	  observed	   in	   Cu2-­‐xSe	   nanoparticles.	   This	   shift	   was	   attributed	   to	   the	   polymorphic	   phase	  transitions	   of	   a	   bulk	   films	   Cu2-­‐xSe	   leading	   to	   an	   increase	   of	   the	   average	   carrier	  mass	   with	  increasing	  lattice	  temperature	  (cf.	  section	  2).	  The	  absence	  of	  these	  phase	  transitions	  in	  Cu2-­‐xSe	  nanoparticles	   was	   confirmed	   by	   X-­‐ray	   powder	   diffraction	  measurements	   in	   a	   temperature	  range	  between	  room	  temperature	  and	  470	  K,	  that	  clearly	  indicated	  that	  the	  nanoparticle	  have	  cubic	  phase	  and	  no	  phase	  transition	  occurs	  [69].	  Nevertheless,	  the	  increase	  with	  temperature	  of	  the	  disorder	  in	  one	  of	  the	  copper/vacancy	  sub-­‐lattice	  is	  still	  occurring,	  and	  it	  presumably	  relates	   to	   the	   large	   temperature	   coefficient	   β	   of	   the	   plasma	   broadening.	   Indeed,	   this	  broadening	   is	   certainly	   dominated	   by	   the	   scattering	   of	   carriers	   on	   vacancies	   and	   other	  defects.	  From	   the	   numerical	   solutions	   a	   carrier-­‐phonon	   coupling	   factor	  G	   =	   1.2x1016	  W	  m-­‐3	  K-­‐1	   has	  been	   determined.	   It	   must	   be	   noted	   that	   this	   estimation	   is	   representative	   of	   the	   high	  temperature	  range	  of	   thousand	  kelvin	  explored	   in	   the	  experiments,	  and	  provides	  a	  G	   factor	  one	  order	  of	  magnitude	  lower	  than	  in	  Au	  in	  the	  same	  temperature	  range	  [66].	  	  
	  
	  
Figure	   14.	   Differential	   transmission	   signal	   from	   a	   solution	   of	   Cu1.85Se	   nanocrystals	   dissolved	   in	  toluene	   for	  short-­‐time	  dynamics	  at	   (a)	  900	  nm	  and	  at	   (b)	  1300	  nm	  probe	  wavelength,	  and	  (c)	   long-­‐time	   dynamics	   at	   900	   nm.	   The	   experimental	   results	   (solid	   lines)	   are	   compared	   with	   numerical	  calculations	   (dotted	   lines)	   for	   the	  different	   incident	  pump	   fluences.	  Reprinted	  with	  permission	   from	  ref.	  [69].	  	  Since	  the	  G	  factor	  is	  proportional	  to	  the	  carrier	  density	  [81],	  this	  lower	  G	  is	  in	  agreement	  with	  the	  lower	  carrier	  density	  in	  Cu1.85Se	  compared	  to	  Au.	  It	  has	  been	  also	  estimated	  η	  =	  7x10-­‐9	  	  	  K-­‐2,	  [see	  Eq.	  (8)],	  which	  is	  about	  five	  times	  lower	  than	  what	  is	  found	  for	  silver	  structures	  (films)	  at	  900	  nm	  probe	  wavelength	  [36].	  	  
	  
Figure	   15.	   Transient	   absorption	   spectra	   at	   different	   time	   delays	   of	   Cu2-­‐xSe	   nanocrystals	   (with	   x>0)	  pumped	  with	  100	  fs	  pulsed	  amplified	  laser	  at	  400	  nm.	  Reprinted	  with	  permission	  from	  ref.	  [52].	  	  A	  further	  development	  of	  the	  presented	  investigation	  should	  entail	  a	  spectral	  analysis	  of	  the	  transient	   plasmonic	   response,	   both	   in	   terms	   of	   experiments	   and	   modeling.	   A	   preliminary	  experimental	   result	   is	   available	   from	   Kriegel	   et	   al.	   [52],	   as	   reported	   in	   Fig.	   15,	   showing	   a	  derivative	   feature	   of	   the	   plasmonic	   transient	   absorption,	   in	   line	   with	   the	   gold-­‐like	   model	  introduced	  in	  Ref.	  [69].	  At	  the	  present	  point,	  it	  is	  not	  however	  possible	  to	  draw	  a	  quantitative	  comparison.	  In	  particular	  it	  is	  not	  evident	  whether	  the	  peak	  broadening	  is	  changing	  in	  time,	  as	  would	   be	   expected	   from	   its	   dependence	   on	   the	   lattice	   temperature	   [69].	   A	   similar	   spectral	  plasmon	  response	  was	  also	  reported	  in	  ref.	  [52]	  for	  heavily	  doped	  copper	  sulphide,	  even	  if	  in	  the	   experimental	   results	   the	   derivative	   feature	   is	   less	   pronounced	   due	   to	   the	  much	   larger	  width	  of	  the	  plasmon	  peak,	  comparable	  to	  the	  instrumental	  spectral	  window.	  	  
Conclusions	  
	  We	   reviewed	   the	   very	   recent	   developments	   attained	   in	   the	   chemical	   synthesis,	   optical	  characterization	   and	   theoretical	   modeling	   of	   heavily-­‐doped	   semiconductor	   nanocrystals	   as	  novel	   plasmonic	   nanoparticles.	   The	   capability	   to	   control	   the	   free-­‐carrier	   density	   of	   the	  material	  is	  paving	  the	  way	  to	  a	  new	  approach	  in	  plasmonics,	  with	  the	  potential	  to	  overcome	  some	  fundamental	  limitations	  related	  to	  the	  physics	  of	  noble-­‐metals.	  In	  particular	  it	  has	  been	  demonstrated	   that	  non-­‐stoichiometric	   chalcogenides	  and	   tin,	   zinc	  and	   tungsten	  oxides	  offer	  the	   possibility	   to	   tune	   the	   plasmonic	   resonance	   of	   ultra-­‐small	   nanoparticles	   in	   a	   broad	  wavelength	   range.	   Also,	   some	   of	   these	   novel	   synthetic	   plasmonic	   media	   (chalcogenides)	  exhibit	   an	   optical	   nonlinearity	   with	   almost	   identical	   features	   as	   that	   reported	   in	   gold	   and	  silver,	  that	  is	  a	  giant	  incoherent	  third-­‐order	  nonlinearity	  of	  thermal	  nature.	  Most	  interestingly,	  thanks	   to	   the	   much	   lower	   carrier	   density	   as	   compared	   to	   noble	   metals,	   this	   nonlinearity	  turned	  out	  to	  be	  even	  stronger	  than	  in	  gold	  and	  silver.	  It	  is	  thus	  envisaged	  that	  the	  new	  route	  of	  nonlinear	  plasmonics,	  recently	  opened	  by	  some	  pioneering	  works	  (see	  [82]	  and	  references	  therein)	  can	  strongly	  benefit	  from	  these	  novel	  materials,	  for	  the	  development	  of	  ultra-­‐fast	  all-­‐optical	  switching	  devices	  as	  well	  as	  nonlinear	  nanosensors.	  
	   	  
	  
Though	   being	   still	   at	   a	   pioneering	   level,	   the	   proposal	   and	   development	   of	   non-­‐metallic	  plasmonic	  media	  have	  already	  demonstrated	   the	  potential	  of	   a	  breakthrough	   in	  plasmonics	  and	  nonlinear	  optics.	   It	   is	  worth	  noting	   that	  despite	  many	  of	   these	  compounds	  are	  dated	  to	  the	   seventies	   as	   bulk	   materials,	   like	   chalcogenides,	   it	   is	   the	   very	   recent	   capability	   of	  nanochemistry	   that	   opened	   a	   new	  way	   for	   their	   application	   into	   optics	   and	   plasmonics,	   in	  view	   of	   the	   more	   versatile	   synthetic	   route	   as	   compared	   to	   more	   traditional	   techniques	   to	  produce	  bulk	  thin	  films,	  involving	  both	  vacuum	  and	  high	  temperatures.	  Furthermore,	  the	  wet	  chemistry	   approach	   gives	   direct	   access	   to	   bottom-­‐up	   nanostructuring	   with	   subsequent	  tailoring	  of	  the	  localized	  plasmon	  features.	  In	  particular,	  nanoparticle	  shaping	  (in	  rods,	  plates,	  etc.)	   is	   another	   ingredient	   that	   can	   further	   increase	   the	   interest	   on	   these	  new	  materials	   by	  providing	  the	  geometrical	  degrees	  of	  freedom	  explored	  in	  the	  noble-­‐metal	  nanostructures	  to	  tailor	   the	   features	   of	   plasmonic	   resonances	   and	   eventually	   profit	   from	   retardation	   effects,	  leading	   as	   example	   to	   plasmonic-­‐nanoantennas	   with	   enhanced	   nonlinearity	   thanks	   to	   an	  engineered	  plasmonic	  medium.	  	  We	  believe	  that	  the	  progress	  in	  the	  field	  will	  be	  mostly	  subjected	  to	  the	  capability	  of	  providing	  a	   more	   consistent	   and	   detailed	   comprehension	   of	   the	   optical	   and	   plasmonic	   properties	  exhibited	   by	   these	   novel	   structures	   under	   light	   excitation	   with	   ultrafast	   laser	   beams.	   In	  particular,	  the	  role	  of	  non-­‐thermalized	  carriers	  is	  still	  unexplored,	  and	  new	  insight	  is	  expected	  from	  a	  more	  accurate	  investigation	  of	  the	  plasmon	  dynamics	  by	  means	  of	  broad-­‐band	  pump-­‐probe	   experiments	  with	   few	   fs	   resolution	   time.	   Also,	   the	   effect	   of	   quantum	   confinement	   in	  plasmonic	   nanocrystals	   of	   few	   nm	   radius	   can	   be	   enhanced	   by	   the	   low	   carrier	   density,	   and	  carriers	  surface	  scattering	  is	  expected	  to	  be	  more	  prominent	  too	  as	  compared	  to	  gold	  or	  silver	  nanoparticles	   of	   similar	   size.	   Size	   effects	   on	   the	   plasmonic	   response	   in	   heavily-­‐doped	  nanocrystals	  have	  been	  so	  far	  disregarded.	  	  The	   family	   of	   heavily-­‐doped	   semiconductor	   nanocrystals	   is	   also	   expected	   to	   grow	   in	   the	  future	   and	  eventually	  provide	  novel	  plasmonic	  media	  operating	   in	   the	  visible	  with	   reduced	  ohmic	   losses,	   and	   thus	   better	   quality	   factors	   in	   the	   quasi-­‐static	   limit	   of	   ultra-­‐small	  nanoparticles.	  The	   latter	  circumstance	   is	  mostly	  envisaged	  to	   improve	  the	   figure	  of	  merit	  of	  nano-­‐sensors	  based	  on	  ultra-­‐small	  plasmonic	  nanoparticles.	  Also,	   the	  capability	  to	  tailor	  the	  dielectric	   constant	   of	   the	   plasmonic	   medium	   represents	   a	   new	   degree	   of	   freedom	   for	   the	  engineering	   of	   plasmonic	   metamaterials	   [83,84]	   that	   can	   be	   exploited	   at	   the	   level	   of	   an	  individual	  meta-­‐atom.	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